ABSTRACT
Introduction
Vasoactive intestinal peptide (VIP) is a 28-amino acid polypeptide that was first isolated from swine duodenum about 40 years ago. The polypeptide derived its name because of its vasodilating action, which modifies the intestinal blood flow [1] . VIP was first classified as an intestinal hormone because it was isolated from the digestive tract and plays a role in electrolyte secretion in the intestinal tract, but it was subsequently found to be extensively distributed as a neurotransmitter in tissues [2] . VIP derived from pigs, cows, and rats have the same structure. Furthermore, VIP released from endocrine cells in the central nerve, peripheral nerve, digestive tract, or pancreas has the same structure. VIP exerts neural modulating activity on secretion, gastrointestinal motility, and blood flow in the pancreas and intestine, and the peptide shows similar activities in the cardiovascular, respiratory, and urological systems [2] . Recent reports have described a broader range of activities, such as immunological and neuroprotective effects [2] . While preliminary investigations for the development of therapeutic applications for various pathological conditions and diseases are underway, the structure and function of the protein needs to be analyzed in greater detail for this purpose.
In this review, we have discussed current information on VIP and its receptors and included new findings.
Structure of VIP
Since the amino acid sequence of VIP is very similar to that of secretin and glucagon, it was formerly classified with these peptides in the secretin peptide family [2] . The structure of VIP is similar to that of numerous other peptides, including pituitary adenylate cyclase activity peptide (PACAP), peptide histidine isoleucine or methionine (PHI or PHM), growth hormone-releasing factor (GRF), and glucagon-like peptide (GLP) as well as non-mammalian helospectin I, helospectin II, helodermin, exendin-3, and exendin-4 ( Figure 1) . VIP has 70% homology with PACAP27, with 19 amino acids in common, 50% homology to PACAP38, with 9 amino acids in common, and 33% homology with secretin. PHI, a VIP-related peptide, was isolated from swine small intestine, and along with PHM, it shares 48% amino acid homology with VIP. PHI/PHM is produced by posttranslational processing of the VIP precursor, as discussed later [3] . When VIP was analyzed by circular dichroism (CD) or nuclear magnetic resonance (NMR) spectroscopy, it was shown to have a helical conformation with an α-helix (residues 11 -26) and 2 β-bends (residues 2 -5 and 1 -10) at the N-terminus [4] (Figure 2) . The N-terminal and C-terminal domains are believed to be important for bioactivity and receptor recognition.
Fifteen years ago, the human VIP gene was cloned and mapped to chromosome 6q25 (Figure 3 ) [2] . The human VIP precursor gene consists of 7 exons and 6 introns [3] . A signal peptide consisting of 21 amino acids is located in the second exon. PHM is encoded by the fourth exon, and VIP is encoded by the fifth exon; VIP and PHM are produced after processing [3] .
While VIP is soluble in water and aqueous organic solvents, its activity is lowered by oxidization because of the inclusion of a methionine residue. An aqueous solution of VIP is relatively unstable. VIP is easily degraded as its half-life in vivo is less than 1 min [5] .
Structure of Receptor
G protein-coupled 7 transmembrane receptors comprise the G protein-coupled receptor (GPCR) family and are classified into 3 groups (A, B, and C) [2] . The VIP/ PACAP receptor belongs to group B of the GPCR family and consists of 437 -459 amino acid residues with an extracellular long-chain N-terminal domain (≥120 amino acid residues). In the extracellular domain, an asparagine-linked glycosylation site is paired with the cysteine residue, and the first and second extracellular domains form a disulfide bond [6] . According to the IUPHAR (International Union of Pharmacology) Classification [7] issued in 1998 (Table 1) , mammals have 2 subtypes of VIP receptors (VPACs), namely, VPAC1 and VPAC2. Figure 4 shows the amino acid sequence and the GenBank accession number of human VPACs extrapolated from the nucleotide sequence. Human VPAC1 [8] and VPAC2 [9] have 457 and 438 amino acid residues, respectively. Rat VPAC1 [10] and VPAC2 [11] have 459 and 437 amino acid residues, respectively, and the human and rat receptors share approximately 50% homology. Similar to the rat receptor, mouse VPAC2 also consists of 437 amino acid residues [12] . Next, the pharmacological interactions between VIP and its receptors will be discussed. According to a study performed using pancreatic acinar cells isolated from guinea pigs, VPACs have two VIP-binding sites. Binding site 1 has a high affinity for VIP, and the equilibrium dissociation constant (K d ) of the interaction is 0.21 nM.
Binding site 2 has a low affinity for VIP, and the Kd is 82.4 nM. According to an investigation with the VPAC2 agonist Ro25 -1553 ( 
Distribution of VIP and Receptors
VIP is widely distributed at high concentrations in the digestive tract and nervous system. The tissue distribution of VIP is generally not different between species, but VIP activity levels differ depending upon the species. In the central nervous system, VIP is broadly distributed in the cerebral cortex and hypothalamus, and its distribution in the cortex of the frontal lobe, hippocampus, and the cortex of the optic area is especially abundant [15] . In the brain, VIP-containing neurons are observed in the ventromedial hypothalamic nucleus, including the arcuate nucleus, by fluorescent histochemistry. The axons of these neurons are distributed along the wall of the third ventricle, toward the nerve fibers of the vascular wall of the leptomeninges in the hypothalamic region. VIP-containing neurons are highly concentrated in the adrenal glands, salivary glands, and pancreas, and they are also found in the stomach, small intestine, and ascending colon [15] . As for VIP-containing neurons in the digestive tract, a great number of these nerve cell bodies and fibers are observed in the intermuscular region and submucosal plexus, and a dense network of these neurons exists in the lamina propria. Furthermore, VIP is also found in the nerve fibers of the sphincter region and in the nerves of the genitourinary organs. The distribution of VPAC1 and VPAC2 has been extensively analyzed. VPAC1 is expressed in the liver, lungs, kidneys, prostate gland, mammary glands, spleen, lymphocytes, mucosa of the stomach and small intestine, and many other tissues [16] . In the central nervous system, VPAC1 is expressed in the cerebral cortex, piriform cortex, dentate gyrus, lateral amygdaloid nucleus, putamen, supraoptic nucleus, choroid plexus, and pineal body, and other regions [17] . VPAC2 is expressed in large amounts in the smooth muscle of organs and vascular walls and is also observed in the large intestinal mucosa, thyroid follicular cells, adrenal medulla, retina, and alveolar epithelium. In the central nervous system, VPAC2 is expressed in the cerebral cortex, olfactory brain, thalamus, hippocampus, amygdala, paraventricular cortex, etc. [17] . VPAC2 is also expressed in lymphocytes and macrophages after bacterial or viral infections [2] . The expression of VPACs in tumor cells and various cell lines has also been reported. According to previous report, VPAC1 is expressed in lung cancer, gastrointestinal cancer, pancreatic cancer, and hepatic cancer, while VPAC2 is expressed in leiomyomas and other cancers [2] .
VIP Agonists
In order to analyze the functions of VIP, agonists and antagonists with strong receptor selectivity need to be studied. A previously published reports revealed the number of agonists with subtype selectivity [2] (Table 1) . Using these agonists, the actions of VPAC1 and VPAC2 have been analyzed. Alanine scanning was used to identify the amino acids in VIP that were not essential for interaction with VPACs. All of these amino acids were replaced with alanine to create [Ala [18, 19] . Since the easily degradable parts were replaced with alanine, these analogs showed greater stability while maintaining the same levels of selectivity [19] . We hope that these modified analogs will become the prototype for a therapeutic agent in the future. Although other agonists of VPAC1 and VPAC2 have been described [2] , an antagonist with satisfactory selectivity and affinity has not yet been obtained; therefore, further studies need to be performed.
Activities of VIP

Physiological Activities
VIP is extensively distributed in central and peripheral tissues, where it acts as a neurotransmitter and neuromodulator [15] . VIP acts as neuromodulator of secretion, gastrointestinal motility, and blood flow in the pancreas and intestinal tract, and similar actions are generally observed in the cardiovascular, respiratory, and urological systems [15] .
1) The main activity of VIP is vasodilatation, which is organ-specific. VIP induces dilation of peripheral vessels, intestinal vessels, coronary arteries, and the pulmonary artery, which results in increased blood flow, decreased peripheral vascular resistance, and hypotension. Furthermore, it increases the blood flow of the hepatic artery and pancreaticoduodenal artery to induce vasodilatation of hepatic and pancreatic vessels [2, 15] . Since VIP has a vasodilatory action, the VIP derivative aviptadil is expected to become a new therapeutic agent for pulmonary hypertension [20] .
2) While VIP has a suppressive effect on intestinal smooth muscle, it exerts relaxant effects on the lower esophageal sphincter, sphincter of Oddi, and anal sphincter. It also exerts a relaxant effect on bronchial smooth muscle.
3) In the small intestine, VIP facilitates the secretion of electrolytes and aqueous liquid. In the stomach, it inhibits gastric secretion. 4) In the pancreas, VIP facilitates external secretion of bicarbonic acid and aqueous liquid from pancreatic epithelial cells and facilitates enzyme secretion from acinar
IJCM 504 cells [13] . In an experiment conducted using pancreatic acinar cells isolated from rats and guinea pigs, about 90% of VIP-mediated enzyme secretion involved VPAC1 [13] . 5) VIP promotes the secretion of both insulin and glucagon in a glucose-dependent manner [21] . While VPAC1 and VPAC2 are both expressed on endocrine cells, insulin secretion occurs mainly through VPAC2. VIP activity caused an increase in cAMP levels and activation of protein kinase A (PKA). Insulin secretion is accelerated by the direct action of PKA or by elevation of intracellular Ca 2+ levels via the voltage-dependent Ca 2+ channel [21] (Figure 5) . Previously, a selective agonist of VPAC2 was reported to promote insulin secretion and improves glucose tolerance, thereby inducing hypoglycemia. Its potential as a therapeutic agent for type 2 diabetes is now being investigated [21] . 6) VIP is broadly distributed in the central nervous system, especially in the hypothalamus and pituitary anterior lobe [22] , and it is associated with the regulation of pituitary hormones. VIP acts in vivo as a prolactin (PRL)-releasing factor that stimulates the release of the growth hormone (GH) [23] .
Blood levels of VIP are low in obese women and high in patients with anorexia nervosa, which indicates that VIP is involved in PRL/GH secretory dysfunction in these 2 diseases [24] .
7) According to one study performed using macrophages, the VIP receptor functions to inhibit the production of inducible nitric oxide synthase (iNOS), inhibit the production of the proinflammatory cytokine tumor necrosis factor (TNF)-α, and promote the production of the anti-inflammatory cytokine interleukin (IL)-10 [25] . These functions are known to be mediated by the suppression of nuclear transcription factor (NF-κB) activation [26] . Administration of VIP has been also reported to cause a remarkable improvement in joint disease in an experimental chronic rheumatoid arthritis model [27] . The mechanism was explained by VIP-mediated inhibition of Th1 and augmentation of Th2 in the cytokine balance. Because of its anti-inflammatory and immune-regulating actions, VIP application has been examined in experimental models for septic shock [28] , Crohn's disease [29] , acute pancreatitis [30] , and hepatitis [31] . We have shown that acute pancreatitis in a mouse model is improved by the administration of VIP and a VPAC1 agonist, and we have also reported that this improvement is primarily mediated by inhibition of monocyte/macrophage-derived cytokine production via the VPAC1 [30] . 8) Various diseases have been reported to involve VIP activity, including bronchial asthma [32] , transmission of pain [33] , cluster headache [34] , Alzheimer's disease [35] , Parkinson's disease [36] , and brain injury [37] . In particular, the neuroprotective action of VIP has drawn attention, raising hopes for the use of VIP as a therapeutic IJCM 505 agent. 9) VIP acts as a growth factor [38] . According to several reports, it functions as a proliferative factor in normal tissue cells as well as in prostate cancer, breast cancer, lung cancer, pancreatic cancer, and other cancer cells [38] [39] [40] [41] . Furthermore, VPAC1 antagonists inhibit the proliferation of breast cancer and lung cancer cells in vitro [40] . In the light of the VPAC1 overexpression in prostate and breast cancer, an experiment was performed using a VPAC1 agonist to visualize tumor localization [42] .
10) VIP might inhibit apoptosis by stimulating the expression of the apoptosis-inhibiting gene Bcl2 or by inhibiting the activity of caspase 3, which is a part of the caspase cascade [43] . VIP administration reportedly inhibited apoptosis in submandibular gland-derived acinar cells and neurinoma cells [43, 44] .
Clinical Trials
Based on these functions of the peptide, several clinical trials have been reported using VIP or its analog for asthma [45] and sarcoidosis [46] . Linden et al. performed a double-blind, randomized, placebo controlled, crossover study for twenty four patients with moderate stable asthma [45] . They concluded that inhalation of a Ro25-1553 constituted a promising approach for bronchodilation in patients with asthma. Prasse A, et al. reported their open clinical Phase II study where they treated twenty patients with histologically proved sarcoidosis with nebulized VIP for 4 weeks [46] . VIP inhalation significantly reduced production of tumor necrosis factoralpha by cells isolated from bronchoalveolar lavage CD4(+)CD127(-)CD25(+) T cells [46] . They concluded that inhalation of VIP might be developed into a new therapeutic principle for chronic inflammatory lung of humans. In the nearly future, VIP and VIP analog might be a candidate for a new therapeutic tool for other pathological condition.
Signal Transduction
By binding to ligand, VPAC acts on the Gs protein and activates PKA via elevation of adenylate cyclase activity and production of cAMP (cAMP-dependent pathway). PKA either inhibits phosphorylation of the downstream MAP/ERK kinase or promotes phosphorylation of cAMP response element binding protein (CREB), which finally leads to inhibition of NF-κB. Meanwhile, studies have also identified a pathway that inhibits nuclear entry of NF-κB through VPAC signaling, which inhibits IκB phosphorylation (cAMP-independent pathway). shows a graphical representation of VIP signal transmission and the expected regulatory activity of the inflamematory reactions [47, 48] .
Conclusions
We have discussed the structure and functions of VIP and the VPACs and included the latest findings. Further detailed investigations are required to develop a VIP analog that will be appropriate for treating pathological conditions and diseases.
